ABSTRACT: Little is known about the relative influence of landscape structure on the spatial distribution and abundance of marine organisms. To address this problem, we applied landscape ecology concepts and methods, together with conventional sampling techniques and path analysis, to test alternative hypotheses of linkages between marine nekton and landscape structure in Moreton Bay, Queensland (Australia). We quantified substratum structure at 3 spatial scales: (1) whole landscape mosaic (10s of hectares); (2) habitat type (benthic class) (100s m 2 to hectares) and (3) within-patch scale (cm 2 to m 2 ). Substratum structure at all scales was important for assemblage density and number of species, with the landscape structure of individual habitat types explaining more of the spatial variation than either within-patch structure or the structure of the whole landscape mosaic. Density and the number of species of seagrass residents were strongly influenced by landscape composition quantified as the proportion of all seagrass habitat (r 2 = 0.40 and 0.48 respectively) and the proportion of long-leaved Zostera capricorni (r 2 = 0.34 and 0.30 respectively) seagrass in the landscape. An abrupt decline in assemblage density and number of species was evident at < 20% seagrass cover. More species of fish used mangroves with adjacent continuous seagrass beds than mangroves with adjacent patchy seagrasses or unvegetated sandflats. Several species of fish using mangroves at high tide were more strongly influenced by the spatial configuration of mangrove patches and the composition of adjacent substratum than the internal structure of mangrove patches. The study highlights the need for a hierarchical landscape approach when investigating animal-environment relations in marine landscapes. 
INTRODUCTION
Increasingly, ecologists acknowledge that a wide range of interacting environmental patterns and processes operating at multiple scales determine species distribution and abundance (Ricklefs 1987 , Urban et al. 1987 , Allen & Hoekstra 1992 , Holling 1992 , Schneider 2001 , Cushman & McGarigal 2002 , Lee et al. 2002 , Grand & Cushman 2003 and that most species (and even different life stages) experience and respond to the environment differently and at their own unique set of spatial and temporal scales (Morris 1987 , Wiens & Milne 1989 , Holling 1992 , Levin 1992 , Wiens 1995 . To address this complexity, it is necessary to develop conceptual and analytical frameworks that recognise the need to study ecological phenomena from a multiscaled hierarchical perspective (Allen & Starr 1982 , Kotliar & Wiens 1990 , Allen & Hoekstra 1992 , Holling 1992 , McAlpine et al. 1999 , Mackey & Lindenmayer 2001 , Lee et al. 2002 , Pittman & McAlpine 2003 . Such frameworks also need to incorporate environmental heterogeneity at scales that are ecologically meaningful to the species of interest, and this requires an explicit consideration of the spatial and temporal movement patterns of individual organisms (Addicott et al. 1987 , Morris 1987 , Wiens & Milne 1989 , Holling 1992 , Sale 1998 , Pittman & McAlpine 2003 .
Landscape ecology theory and methods have been developed to investigate the linkages between ecological patterns and processes at meaningful spatial and temporal scales (Turner 1989 , Wiens & Milne 1989 , Pearson 1993 . Two key lines of enquiry in the landscape approach to animal-environment relationships are: (1) to determine the spatial scales at which physical structure in the landscape are most influential (e.g. McGarigal & McComb 1995 , Lee et al. 2002 and (2) to determine the relative importance of landscape composition versus landscape configuration that can affect ecological processes independently and in combination (e.g. Fahrig 1997 , 2003 , Villard et al. 1999 . For many terrestrial species and assemblages, landscape composition represented by area of suitable habitat type, is more influential than landscape spatial configuration (McGarigal & McComb 1995 , Fahrig 1997 , 2003 , Villard et al. 1999 , Lee et al. 2002 , Schmiegelow & Mönkkönen 2002 . Landscape composition encompasses the variety and abundance of habitat types. Landscape configuration (or spatial pattern) is the physical distribution of patches and is measured by the quantification of geometric and spatial properties of categorical maps, including shape, area, amount of edge, patch isolation and contagion (McGarigal & Marks 1994 , HainesYoung & Chopping 1996 , Gustafson 1998 , Hargis et al. 1998 . Studies of habitat fragmentation have shown that landscape configuration only becomes significant at low levels of suitable habitat area, with different species disappearing at different points (thresholds) on the habitat-loss gradient (Andrén 1994 , With & Crist 1995 , Fahrig 2002 . A decrease in habitat cover and a simultaneous increase in fragmentation results in species-specific constraints on movement, energetics and survival and, in turn, influences patterns of spatial distribution and abundance. In terrestrial systems, a landscape approach now underpins many strategies for species and habitat conservation, landscape restoration and natural resource management (Lui & Taylor 2002) .
However, a landscape approach to the ecological study of marine animals is still in its infancy (Kneib 1994 , Robbins & Bell 1994 , Garrabou et al. 1998 , Eggleston 1999 , Pittman & McAlpine 2003 , with few studies quantifying marine landscape structure at scales appropriate to the spatial patterns of habitat use. Investigations have been dominated by studies in single habitat types, particularly seagrass beds, and often with landscape units selected at arbitrary scales (reviewed by Pittman & McAlpine 2003) , which have yielded equivocal results regarding the relative importance of marine landscape structure. In North Carolina, USA, Irlandi (1994) and Irlandi et al. (1995) concluded that the landscape composition and configuration of seagrass beds (10 × 10 m plots), as well as the structural characteristics of the seagrasses (shoot density) influenced the foraging success of predatory fish and crabs. In New Zealand, Turner et al. (1999) found that landscape configuration (fractal dimension and nearest neighbour distance) of seagrass beds (2 to 3 km 2 ) was the strongest predictor of variation in species abundance for benthic macrofauna. In contrast, Hovel et al. (2002) , working in North Carolina, found that within 50 × 50 m plots, seagrass biomass and relative exposure (REI) explained substantially more variation in fish and crab density than did measures of landscape composition (% cover) or configuration (total linear edge). In the Philippines, Salita et al. (2003) selected 10 × 10 m plots, and found that neither landscape composition (% seagrass cover) nor configuration (fractal dimension, mean patch size, patch shape) adequately explained the observed variation in fish density. For highly mobile species, particularly those species that use >1 habitat type through daily home range movements or ontogenetic shifts, a broader scale approach that incorporates multiple habitat types may be more appropriate (Ogden & Gladfelter 1983 , Birkeland 1985 , Parrish 1989 , Irlandi & Crawford 1997 , Marguillier et al. 1997 , Nagelkerken et al. 2001 , Cocheret de la Morinière et al. 2003 , Gillanders et al. 2003 , Mumby et al. 2004 .
This paper investigates the linkages between marine landscape structure and the spatial distributions and abundance of juvenile fish and penaeid prawns using vegetated inshore areas of Moreton Bay, Queensland (Australia). We apply a hierarchical landscape approach to capture and analyse data, with the objective of determining the relative importance to fish and prawns of: (1) the composition and spatial configuration of the whole landscape mosaic (10s of hectares) and of individual habitat types (benthic class) (100s m 2 to hectares) and (2) the within-patch habitat structure (cm 2 to m 2 ). We conceptualise marine landscape structure as a spatial hierarchy (Allen & Starr 1982 , O'Neill 1986 , Urban et al. 1987 ) of components forming habitat mosaics (see Pittman & McAlpine 2003 for details, and also examples by Kneib 1994 , Robbins & Bell 1994 , Attrill et al. 2000 , Schneider 2001 . At the finest, scales (cm) are the within-patch structural attributes of the substratum such as plant morphology, species composition and the structure of surficial sediments. At the broadest scales (100s m), relevant to the daily tidal excursions of many species, are the structural variables of landscape composition and spatial configuration.
Alternative hypotheses were constructed to determine the relative importance of landscape and withinpatch substratum variables for assemblage density (density of all species pooled), number of species and for density of individual species. The approach differs from the traditional null hypothesis testing of single and separable causation, which is essentially experimental and reductionist in character (sensu Holling 1998) . Rather, we adopted an integrative approach, whereby multiple and only partially separable causes were tested using multiple, competing alternative hypotheses extending over multiple spatial scales.
MATERIALS AND METHODS
Study area. Deception Bay is a shallow water embayment within Moreton Bay, south-east Queensland, Australia (Fig. 1) . Sampling took place in northern Deception Bay, an extensive beach/tidal flat (intertidal of 500 to 900 m, with a gradient of 0.0018°) experiencing a semi-diurnal tidal cycle (tidal range 1.7 to 2 m) and characterised by complex spatial patterns of sediment and aquatic vegetation. Grain sizes of surficial sediments vary from coarse quartz sands to fine prodelta muds. The upper intertidal supports fringing mangroves dominated by Avicennia marina ssp. australasica, which are immersed for up to 5 h on the highest tides of the year (maximum water depth of 1.5 m). Adjacent tidal flats support mixed-species communities of seagrasses and macroalgae, dominated by Zostera capricorni. A gradient in seagrass coverage exists, from continuous beds in low-energy areas to patchy beds in higher energy areas. Where exposure is greatest, a highly mobile ridge and runnel topography is present.
Sampling fish and prawns. The temporal extent of this study (October 1999 to May 2000 was selected to include the period of peak summer (October to February) recruitment to shallow inshore areas for many fish and decapod crustaceans in Moreton Bay. The spatial extent of the study area was based on an estimate of the maximum distance that fish and prawns moved during daily tidal excursions from the shallow subtidal at low tide to the upper intertidal (i.e. the daily home range). Underwater observations suggested that juvenile fish were concentrating in shallow subtidal waters (< 3 m depth) at low tide and then moving shoreward with the flooding tide.
A spatially stratified random sampling strategy was designed to sample assemblages of small-bodied (< 25 cm) epibenthic and demersal fish and penaeid prawns. Intertidal areas were stratified into mangroves and adjacent tidal flats, which allowed animals to be sampled in a way that was appropriate for each stratum. The shallow subtidal zone also was sampled at low tide. A large (16 m 2 ) remote-release buoyant pop net with demonstrated high-capture and -recovery efficiency (Serafy et al. 1988 , Connolly 1994 ) was used to sample within mangroves at daytime high tide (water depths of 0.20 to 1.35 m). Durable polyethylene shade cloth (1 mm aperture) formed the walls of the net, with a float-line constructed of 4 × 4 m lengths of plastic electrical conduit pipe sealed at the ends with a polymer epoxy resin to ensure positive buoyancy. The apparatus was floorless to permit fish and crustaceans to perform normal behavioural interactions with the substratum. Nets were set up at low tide by burying the sink line (leaded rope) into the sediment and securing with steel tent pegs, placed through brass eyelets at 50 cm intervals. The net was gathered together under the pipes and weighted down with 4 small (10 × 20 cm) sand bags attached by thin nylon cord to a wooden stake positioned approximately 20 m away from the net. At high tide, nets were released remotely by pulling on the cords. The float-line surfaced in 2 to 3 s and was hoisted up onto stakes to prevent fish escaping. All animals were collected from residual water with a dip net 2 to 3 h after high tide, and the enclosure was checked again when all water had drained away.
A small iron beam trawl (1 m wide and 0.5 m high), with a 2 mm net aperture, was used to sample the tidal flats seaward of the mangrove fringe at high tide and subtidal waters at low tide (water depth of 0.60 to 3.5 m). Beam trawling is effective for catching a wide range of seagrass-associated species (Harmelin-Vivien & Francour 1992 , McNeill & Bell 1992 . The positions of trawl paths and pop-net samples were recorded using a handheld differential GPS receiver. Water depth, temperature, salinity and turbidity were measured at each sample location using a YSI/Grant 3800 Water Quality Datalogger.
Immediately after capture, animals were transferred into buckets of aerated seawater. Non-target animals (rays, crabs, squid and other molluscs) were immediately released, along with any detached vegetation. In the field laboratory, individuals were identified, measured (total length and carapace length), weighed (± 0.01 g) and then released on the following high tide.
Quantifying substratum structure. An integrated approach to quantifying, classifying and mapping environmental data at multiple spatial scales was developed and applied. All substratum variables measured are shown in Fig. 2 . Mean leaf length, shoot density, number of plant species and percentage species composition (including macroalgae) were measured within 10-cm diameter plots across a grid of 163 georeferenced locations. Sediment grain size and the percentage composition of mud, sand and organic content were quantified from a grid of 46 samples using microscopic examination. To capture spatially continuous data of vegetation cover, a digital video camera (Sony DCR-TRV900) in an underwater housing (Amphibico Inc.) was attached to an aluminium pontoon and towed along transects by boat (total transect length of 9.4 km). Spatial coordinates were recorded simultaneously using a GPS receiver.
Production of a thematic habitat map: To create a map template, all patches of vegetation (>1 m 2 ground resolution) discernible from two 1:10 000 colour aerial photograph mosaics (35 × 35 cm ground resolution) were digitised using ArcView v3.2. A classification scheme for benthic classes was constructed by using the most influential within-patch variables (plant and sediment) and applying the Bray-Curtis similarity coefficient (Bray & Curtis 1957) , followed by an agglomerative hierarchical clustering algorithm using group-average linkage (UPGMA) to form 'natural groupings' of samples (Sheppard et al. 1995 , Mumby & Harbourne 1999 , Green et al. 2000 . This was performed using PRIMER v5 statistical software (Plymouth Routines in Multivariate Ecological Research, 2001 ). In addition, Landsat Thematic Mapper data (30 × 30 m ground resolution) were acquired to provide information on the spatial distribution of the most distinct spectral classes (i.e. long-leaved Zostera capricorni) across the study area. A supervised spectral classification (guided by a set of previously identified points) and an unsupervised spectral classification (using an untrained algorithm) were performed using ERDAS Imagine v8.4. Overall map accuracy of 64% for the supervised classification and 50% for the unsupervised classification were estimated using an independent set of 30 ground samples of leaf length, shoot density, plant species composition and sediment colour (Munsell soil colour charts). Integration of the final habitat classification and delineation of class boundaries was facilitated by overlaying all spatial data (i.e. cores, videography, aerial photography and Landsat) using a GIS. Topological irregularities and attribute accuracy were checked, and the final thematic digital map was converted from a SHAPE file into a raster GRID using ArcInfo v8. Two maps were produced in this way (Table 1): (1) a map with 11 classes representing the full range of post-classification heterogeneity to which class level metrics 236 Fig. 2 . Diagrammatic representation of the relationship between the 3 levels of substratum structure quantified in this study: (1) landscape mosaic structure (mosaic level); (2) structure of individual habitat types (class level), at the scale of estimated home range using landscape pattern metrics; and (3) within-patch structural variables, using benthic cores and underwater videography were applied and (2) a map with 4 classes, showing only the higher contrasting heterogeneity (i.e. 2 seagrass habitat classes, 1 of mangrove and 1 unvegetated), to which landscape mosaic level metrics were applied. Quantification of landscape composition and configuration: In order to quantify landscape structure, a 100 and 300 m radial buffer was applied to the centroid of each nekton sample site (n = 401). The area contained within each extent is referred to as a landscape unit. Landscape units at each buffer distance were 'clipped' out of the digital maps, and the landscape structure for each unit quantified using FRAGSTATS v2.0 spatial pattern analysis software (McGarigal & Marks 1994) . A total of 15 landscape metrics, representing 8 key metric categories (Table 2) were initially chosen to measure composition and spatial pattern. These algorithms compute statistics for 2 levels: class and mosaic. Class level metrics represent the area (proportion of the landscape) and spatial pattern of a single habitat type within a landscape unit, while mosaic level metrics represent the spatial configuration and habitat diversity of the entire landscape unit (McGarigal & Marks 1994) . In the calculation of total core area (TCA), a narrow (1 m) internal edge buffer was applied, thereby ensuring that, for even relatively small patches, the interior was retained in the patch core area. To incorporate the magnitude of difference between patches, weightings were assigned to adjacent habitat classes, based on the level of ecological similarity, in order to calculate contrast-weighted edge density (CWED). FRAGSTATS requires that weights range between 0 (no contrast) and 1 (maximum contrast). We assigned highest contrast (0.7 to 0.85) to the edges between vegetated and unvegetated substrata, for example, where high biomass seagrasses were surrounded by unvegetated sand. The boundary between seagrasses and mangroves also were considered significant (0.5 to 0.6), since many species using seagrasses were not found within mangroves. Lowest contrast was assigned to: (1) unvegetated classes that differed primarily in the relative composition of sand and mud (0.05 to 0.10); (2) sparse short-leaved seagrasses and unvegetated sand (0.10); and (3) 2 classes of dense seagrasses, differing in mean leaf length (0.15).
Statistical analyses. At the species level, only numerically dominant species were examined, including Pelates sexlineatus (eastern trumpeter), Centropogon australis (barred fortesque), Arenigobius frenatus (half-bridled goby) and Metapenaeus bennettae (greasyback prawn) sampled from tidal flats and Sillago spp. (whiting), Acanthropagrus australis (yellowfinned bream) and Mugilogobius stigmaticus (mangrove goby) sampled from mangroves. Data from mangroves and from adjacent intertidal and subtidal areas were transformed to approximate normality (as required for parametric statistical techniques) and analysed separately due to the differences in sampling techniques. At the within-patch level, water parameters and the structural and compositional characteristics of the substratum were examined for their association with animal density and number of species using Pearson product moment correlation (Sokal & Rolf 1995) . The strongest variables were fed into the final path analysis. In addition, relationships between nekton assemblage attributes and the proportion of individual habitat types in the landscape were investigated using linear regression on square-root transformed variables. Selecting a spatial extent for landscape analysis: It was assumed that the scale at which metrics best predicted the variation of nekton density was likely to be the scale at which landscape structure had the strongest influence on target species and assemblages. In order to select the most influential spatial extent, the data structure was first simplified by reducing the large number of metrics to a relatively small number of factors using principal component analysis (PCA) (McGarigal & McComb 1995) . Linear regression (STA-TISTICA, StatSoft, 1995) was used to measure the relationship between each principal component and the animal attributes at each spatial extent (100 and 300 m radii). Correlation analysis was used to identify statistically significant (p < 0.05) associations between the animal attributes and substratum variables (withinpatch and landscape structure) at the most influential spatial extent. Redundancy for landscape metrics was assessed by the strength of association, and, where strong co-linearity (r = > 0.9) was identified between 2 metrics, the most ecologically interpretable metric was retained. Non-significant (p > 0.05) variables were excluded from subsequent statistical analyses.
Cluster and ordination of landscape structure: To further explore and visualise patterns in the linkages between animal attributes and landscape structure, the large array of landscape metrics were grouped into landscape structural types and then aligned with the biological response variables using a sequence of cluster analysis, ordination and multiple-linear regression techniques within PATN statistical software (Belbin 1995) . This followed the approach of McAlpine et al. (1999) and and is used as a purely exploratory way of identifying key landscape variables for use in path analysis. First, samples were fused into groups with similar structural attributes using agglomerative hierarchical cluster analysis (flexible-unweighted pair group arithmetic averaging) (Bel-238 , Belbin & McDonald 1993 . Summary statistics on individual landscape metrics were generated for each group to describe landscape structural types (LSTs). Next, semi-strong hybrid multidimensional scaling (Belbin 1991 ) based on the Bray-Curtis coefficient of dissimilarity (Bray & Curtis 1957) was applied to simplify the data structure and produce a 2-dimensional plot representing landscape structure. Principal axis correlation (PCC) was applied to determine how well the individual metrics fitted the ordination of landscape structure. This is essentially a multiple-linear regression analysis that gives the direction of best fit and the correlation of each metric with the ordination (Belbin 1995) . Metrics with high correlation (> 0.8) with the landscape structural types were plotted on the 2-dimensional plot. Finally, the data for animal density and number of species were plotted on the ordination to examine their alignment with the landscape structural types and the individual landscape metrics. Path analysis: Path analysis (Wright 1921 , Mitchell 1992 , Wootton 1994 , Shipley 1997 , 2000 , a straightforward extension of multiple regression, was used to decompose correlations into their causal (direct) and non-causal (indirect) components and to allow simple correlations among a set of variables to be partitioned according to a particular working model (path model) about their causal relationships. Each path coefficient was scaled to range from -1 to +1, as with standardised regression coefficients. The SEPATH structural equation modelling module (Steiger 1995) in STATISTICA v9 was used to test models by comparing the estimated correlation matrix with the observed correlation matrix. Competing models were tested using a range of goodness-of-fit statistics and a final model selected on the basis of overall performance of the measures of model fit. The within-patch structure is significant.
RESULTS

Linkages between nekton and landscape structure
Summation of the coefficients of determination (r) for the relationships between nekton attributes and landscape metrics for each spatial extent (100 and 300 m) showed that the total value for 300 m was 31% higher than for 100 m. The difference was statistically significant (ANOVA, F = 3.84, p < 0.05), and all subsequent analyses used data calculated at the 300 m spatial extent.
The agglomerative hierarchical cluster analysis (flexible-UPGMA) fused samples of landscape mosaic structure into 10 groupings of LSTs; 3 of the LSTs were composed of < 5 samples and were merged with the next most similar group, resulting in 7 classes, as shown in Figs 3 & 4.
Assemblage level
For assemblages using tidal flats, highest density and number of species were spatially associated with the most diverse and heterogeneous landscape structural types (LST1, 3 and 4) ( Fig. 3a & b) . These groups contained landscape mosaics with high vegetation cover and were characterised by high metric values for total edge, interspersion and juxtaposition of patches, patch richness and Shannon diversity index. Overall, the highest assemblage densities and number of species were concentrated within and immediately surrounding LST3, which was dominated (90%) by continuous seagrass habitats, with 10% patchy vegetation. Lowest densities were associated with LST5, 6 and 7, which were composed of largely unvegetated mosaics and characterised by high values of the largest patch index and mean patch size and low values of the Shannon diversity index, number of patches and total edge. In contrast, no clear pattern emerged for the density of assemblages using mangroves at high tide (data not shown). However, number of species was markedly higher in mangroves within vegetated landscape mosaics. These were characterised by high habitat diversity and heterogeneity and a high abundance of long-leaved seagrasses (dominated by Zostera capricorni) in the adjacent intertidal flats.
Species level
Spatial patterns in species density indicated a preference for continuously vegetated landscapes (LST1 and 3) for the most abundant fish species, Pelates sexlineatus (Fig. 4a) and the most abundant prawn species, Metapenaeus bennettae (Fig. 4b) . However, M. bennettae also showed relatively high densities in patchy landscapes (LST4) and in the largely unvegetated landscapes (LST5, 6 and 7). The other abundant fish species (Centropogen australis; Arenigobius frenatus; Mugilogobius stigmaticus and Acanthropagrus aus-tralis) (data not shown) also revealed highest densities in LST1 and 3, except Sillago spp., which revealed a preference for landscapes with mangroves, adjacent patches of short-leaved seagrass habitats and large patches of unvegetated substratum. These patchily vegetated landscapes were characterised by high metric values for total edge, contrast weighted edge density, mean patch fractal dimension and mean patch size for unvegetated substratum.
Path models of potential causality
Sets of statistically significant correlates selected for path analysis are listed in Tables 3 & 4 . Water variables had little influence on density (or number of species) at either the assemblage or species level. Water depth, however, was significantly correlated with number of fish species within mangroves (r = 0.18, p < 0.05) and the density of Arenigobius frenatus (r = 0.24, p < 0.05), but was not significant in the final path models. All levels of benthic structure (landscape, habitat type and within-patch) contributed to the final path models for assemblage density and number of species (Figs. 5 & 6) . In contrast, for individual species, only variables for habitat type and within-patch structure contributed to final path models (Fig. 7, see also Fig. 9 ).
Path models for nekton using mangroves at high tide explained significantly less (mean 22.6 ± 4.7% SE) of the total variation (at both the assemblage and species level) than did models for nekton using adjacent tidal flats (mean 59.6 ± 4.3% SE) (ANOVA F = 32.9, p < principal axis correlation of ≥ 0.9; broken arrows: principal axis correlation of < 0.9; NP: number of patches; CWED: contrast weighted edge density; TE: total edge; %M: percent of mosaic; MPS: mean patch size; CONTAG: contagion; IJI: interspersion and juxtaposition index; PR: patch richness; SHEI: Shannon's evenness; LPI largest patch index); unveg: unvegetated 0.001). Although some variables appeared in more than one path model, each model was composed of a different set of explanatory variables. All final models offered a good fit as indicated by a range of goodnessof-fit statistics (Table 5) . Results of hypothesis testing are summarised in Tables 6 & 7 .
Hypothesis 1. Influence of landscape mosaic composition and configuration
For assemblages using mangroves at high tide, landscape spatial configuration (represented by mean nearest neighbour distance) was significant for both density (path coefficient [pc] = 0.28, t = 2.88, p < 0.01) and number of species (pc = 0.28, t = 2.78, p < 0.01) (Fig. 5) . For assemblages using tidal flats (Fig. 6) , patch richness and the landscape interspersion and juxtaposition index (measures of landscape mosaic structure) improved the overall fit of the model, but were not statistically significant. These variables were more important for number of species than for density. Overall, the spatial configuration and habitat diversity of the whole landscape mosaic explained less variation in assemblage attributes than did the percentage of the landscape occupied by individual habitats or withinpatch structure. At the species level, patch richness was an influential variable for density of Pelates sexlineatus (eastern trumpeter), although it did not explain a significant proportion of the variation (Fig. 7a) . For the other species (Fig. 7b to d) , explanatory variables at the landscape mosaic level did not contribute to the final path models. Vectors represent the direction and strength of each metric in the ordination space (solid arrows: principal axis correlation of ≥ 0.9; broken arrows: principal axis correlation of < 0.9; NP: number of patches; CWED: contrast weighted edge density; TE: total edge; %M: percent of mosaic; MPS: mean patch size; CONTAG: contagion; IJI: interspersion and juxtaposition index; PR: patch richness; SHEI: Shannon's evenness; LPI largest patch index); unveg: unvegetated Table 3 . Statistically significant (p < 0.01) explanatory variables for assemblages and species using mangroves at high tide. Variables with negative associations are also shown (negative values). Correlation coefficients (r) are shown in parentheses. Explanations of abbreviated landscape metrics are provided in Table 2 Response For assemblages using tidal flats, path analysis indicated that the proportion of all seagrass habitats was statistically significant for density (pc = 0.59, t = 2.44, p < 0.01) (Fig. 6a) , and the percentage of long-leaved seagrass habitats was statistically significant for number of species (pc = 0.33, t = 1.85, p < 0.01) (Fig. 6b) .
Furthermore, linear regression showed a strong positive relationship between the proportion of all seagrass habitats in the landscape and assemblage density and number of species (r 2 = 0.40 and 0.48, p < 0.001) (Fig. 8) . Significant positive relationships also were found between the proportion of long-leaved seagrasses and the assemblage density and number of species (r 2 = 0.34 and 0.30 respectively, p < 0.001). Overall, the strength and statistical significance of path coefficients indicated that the area of suitable habitat type was significantly more influential than measures of spatial configuration.
For assemblages using mangroves, mean nearest neighbour distance of mangroves (landscape configuration) was significant (pc = 0.59, t = 2.19, p < 0.01) and explained the highest proportion of variation in the model for assemblage density (Fig. 5a ). The proportion of mangroves in the landscape was not a significant variable. Mean patch fractal dimension of mangroves was a negative explanatory variable, but was not statistically significant. For the number of species using mangroves, the proportion of long-leaved seagrass in the landscape had a positive influence with the percentage of unvegetated sand having a negative influence (Fig. 5b) . Furthermore, mangroves with adjacent seagrasses (> 70% cover) supported significantly higher numbers of fish species than did mangroves with adjacent patchy seagrasses (< 30% cover) (ANOVA F = 16.2, p < 0.001). However, only core area of mangroves was significant in the final path model (pc = 0.43, t = 1.71, p < 0.01).
243 Table 5 . Summary of measures of overall fit of the path models influencing animal attributes at the assemblage and species level for mangroves and adjacent tidal flats. A good fit to the model required that the chi-squared statistic is small and the associated probability (p) is > 0.1. The goodness-of-fit index (GFI) (McDonald & Marsh 1990 ) and the adjusted goodness-of-fit index (AGFI) (Tanaka & Huba 1989 ) with values > 0.9 indicate a good fit. The model Akaike information criterion (AIC) (Akaike 1973) with the smallest value indicates the statistically preferred model for the data. Indices based on the residuals also are an indication of fit, and the root mean square error of approximation (RMSEA) Table 6 . Interpretation of the results of hypothesis testing for linkages between substratum structure and nekton assemblage density and number of species. Alternative hypotheses were accepted or rejected based on the presence or absence of statistically significant (p < 0.05) path coefficients Hypothesis Key finding
Landscape mosaic is significant Whole mosaic structure influenced assemblage density and number of species using mangroves at high tide, but not assemblages using seagrasses
Structure of habitat type is significant Structure of individual habitat type influenced assemblage density and number of species using seagrasses and mangroves
Area of habitat type more significant Area of individual habitat type was more influential than configuration for than spatial configuration number of species using mangroves and seagrasses and for assemblage density using seagrasses, but not assemblage density within mangroves
Within-patch structure is significant Within-patch structure influenced assemblages (density and number of species) using mangroves at high tide and number of species using seagrasses, but not density using seagrasses
For the individual species, the area of long-leaved seagrass habitats was statistically significant for Pelates sexlineatus and explained the highest proportion of variation in the model (Fig. 7a) . Interspersion and juxtaposition (configuration) of long-leaved seagrasses made only a very small contribution to the overall explanation for this species. For Centropogen australis (the second most abundant species), the percentage of all seagrass habitats was statistically significant (pc = 0.40, t = 2.10, p < 0.01) and contributed most to the final model (Fig. 7c) . This preference for vegetated landscapes was explained further by positive coefficients for the metrics that represented the abundance of long-leaved seagrass habitats in the landscape. Landscapes with a large proportion of long-leaved seagrass habitats were preferred by Arenigobius frenatus, with mean patch size of long-leaved seagrasses contributing most to the explanation of variation in density (pc = 0.51, t = 1.66, p < 0.01) (Fig. 7b) . For the penaeid prawn Metapenaeus bennettae, the percentage of all seagrasses (pc = 0.40, t = 1.07, p < 0.01) and the percentage of short-leaved seagrass habitats (pc = 0.37, t = 1.77, p < 0.01) had significant positive influences, while the proportion of long-leaved seagrass habitats had a weak negative influence (Fig. 7d) . For species using mangroves at high tide, the spatial pattern of both mangroves and adjacent tidal flats contributed to the explanatory models for variation in density across the study area. For Acanthropagrus australis (yellow-finned bream), mean patch size of longleaved seagrasses in the adjacent tidal flats was influential, as was the interspersion and juxtaposition of mangroves, although neither was statistically significant (Fig. 9a ). The path model for Sillago spp. (Fig. 9b ) was the only model to comprise variables from only a single structural level. Core area of unvegetated sand and contrast-weighted edge density of mangroves were the strongest positive correlates, with the percentage of long-leaved seagrasses having a negative influence. However, none of the variables were statistically significant. For Mugilogobius stigmaticus (mangrove goby), mean patch size of long-leaved seagrasses was a significant explanatory variable, with interspersion and juxtaposition of mangroves influential, but not statistically significant (Fig. 9c) .
Hypothesis 4. Influence of within-patch structure For assemblages using tidal flats, variation in leaf length and the proportion of mud and organic content in surficial sediments all contributed to the final path models for both density and number of species. These variables explained a higher proportion of the variation for number of species than for density (Fig. 6) However, only the percentage of organic content was statistically significant (pc = 0.42, t = 2.21, p < 0.01). For assemblages using mangroves at high tide, the proportion of mud was a significant explanatory variable for both density (pc = 0.17, t = 1.85, p < 0.01) and number of species (pc = 0.28, t = 2.97, p < 0.01) (Fig. 5) . Mangrove shoot and root density was also an influential variable, but not statistically significant.
At the species level, the influence of sediment composition and plant structure varied markedly between species. Within-patch variables were the most influential for Acanthropagrus australis, with the proportion of mud in surficial sediments (pc = 0.25, t = 2.83, p < 0.01) and mangrove shoot and pneumatophore height (pc = 0.17, t = 1.91, p < 0.01) statistically significant positive correlates (Fig. 9a) . Preference for muddy sediments was also shown for Mugilogobius stigmaticus (pc = 0.51, t = 7.10, p < 0.01) (Fig. 9c) . In contrast, the percentage of mud was a strong negative path coefficient (pc = 0.41, t = 2.01, p < 0.01) for the penaeid prawn Metapenaeus bennettae (Fig. 7d) . Variation in leaf length was positively correlated with the density of Pelates sexlineatus (Fig. 7a) and Centropogen australis (Fig. 7c) and weakly negatively correlated with Arenigobius frenatus (Fig. 7b) , but none of the withinpatch variables were statistically significant. Finally, there were no variables representing within-patch structure for Sillago spp. (Fig. 9b) .
DISCUSSION
The study applied a hierarchical landscape approach to identify the major environmental variables influencing the observed spatial patterns in density and number of species for small-bodied and juvenile fish and prawns in Deception Bay, Queensland, Australia. Results indicate that a range of eco- logical responses for fish and penaeid prawns exist, some of which appear hierarchical, suggesting that there is no single scale or single measure of substratum structure that alone adequately captures this varied response. The study supports the over-arching axiom in ecology that heterogeneity of physical structure at a range of scales plays a key role in determining the spatial distribution and abundance of animal species (McArthur 1965 , Southwood 1977 , Kotliar & Wiens 1990 , McCoy & Bell 1991 . More specifically, the composition and spatial arrangement of benthic structure at the level of the landscape unit (28 ha) explained a large and significant proportion of the variation in fish and penaeid prawn density and number of species in Moreton Bay. Overall, fish and prawns using vegetated tidal flats at high tide responded more to landscape composition than spatial configuration, whilst species and assemblages using mangroves at high tide responded more to the spatial configuration of mangroves and adjacent seagrasses, with the areal extent of mangroves influencing number of species but not assemblage density.
Influence of landscape composition
The area of all seagrass habitats in the landscape, and in particular long-leaved seagrass habitats, were the most influential variables for assemblage density and number of species using tidal flats at high tide. This is consistent with the recent assertion by Fahrig (1997 Fahrig ( , 2003 that habitat loss rather than fragmentation is the major driver of population decline. For Pelates sexlineatus, the most abundant seagrass-associated fish species, the proportion of long-leaved seagrasses (>18 cm length) in the landscape provided a better explanation of spatial patterns than did withinpatch measures of leaf length. Furthermore, the results indicate that the density and diversity of fish and prawn species decline linearly with the proportion of the landscape occupied by seagrass habitats (Fig. 7) . Such species-area and abundance-area relationships have been described at a range of scales (patch, island, landscape) for both terrestrial and aquatic communities (McArthur & Wilson 1967 , Connor & McCoy 1979 , Andrén 1994 , Villard et al. 1999 , and add support to an already robust general pattern in ecology. Our results also show that even very low proportions of highly fragmented seagrass habitats support a disproportionately high number of species (albeit low density), until approximately a 20% seagrass cover threshold, below which, both density and number of species experience a relatively abrupt decline. This critical threshold value is lower than identified by Andrén (1994) , who concluded that fragmentation effects become important as the proportion of suitable habitat declines below a critical threshold of 30% (see also Fahrig 1998 , Flather & Bevers 2002 . Other marine studies have found that relatively small patches of seagrasses support unexpectedly high faunal densities and diversity (McNeill & Fairweather 1993 , Bell et al. 2001 . It is of value for resource managers to be able to determine critical habitat loss and fragmentation threshold values, in order to prioritise conservation efforts and restore and create connected habitat. That connectivity of seagrass beds is maintained at such low total abundance in the landscape may be explained by the high mobility (active and passive) of organisms in the water column, thereby facilitating transport over broad spatial scales (Bell et al. 2001) . However, little is known about the ability of individuals to traverse unvegetated substrata between patches of seagrass, or the extent to which seagrassassociated species are able to utilise resources in the surrounding landscape. Studies using telemetry or experimental micro-landscape studies (e.g. Wiens & Milne 1989 , Crist et al. 1992 ) may provide useful information on movement behaviour leading to the determination of species-specific (or life-stage specific) functional connectivity and allow investigation into the ability of species to adjust the scale of their movements to the spatial configuration of their habitat. With regard to landscape composition of mangroves, area was not a significant influence on assemblage density, but was a strong predictor for number of species. This may be explained by enhanced refuge function for several specialist species provided by muddy sediments and adjacent long-leaved seagrasses, which characterise landscapes with extensive mangroves in northern Deception Bay.
Influence of landscape spatial configuration
For assemblages using tidal flats at high tide, landscape spatial configuration was not a significant factor influencing density and number of species, although the interspersion and juxtaposition of patches at the mosaic level was positively linked to number of fish and prawn species. Landscapes with higher interspersion and juxtaposition values have a more evenly interspersed mixture of patch types, and this may increase availability of a wider range of resources than landscapes with more clumping of patch types. In contrast, for assemblages using mangroves at high tide, landscape mosaic configuration and especially the configuration of mangroves were stronger predictors for density and number of species than the amount of mangroves in the landscape. Highest assemblage densities (dominated by Sillago spp.) were found within spatially heterogeneous mangroves. A significant path coefficient for mean nearest neighbour distance inferred a preference for discontinuous mangrove cover or mangroves with large open areas (i.e. more fragmented). Such spatial patterning allows access to the larger bodied and schooling species such as Sillago spp., which appear to exhibit a preference for environments with high edge, high light penetration and plant structure with low shoot density for un-impeded swimming and foraging. For some species, a preference for patchy structure may be a trade-off between minimising the risk of predation, whilst maximising foraging efficiency (Holt et al. 1983 , Orth et al. 1984 . Terrestrial studies have suggested that some forest bird species (Andrén 1994 , McGarigal & McComb 1995 ) and some butterflies (Tscharntke et al. 2002 ) also may preferentially select highly heterogeneous landscapes.
Influence of landscape mosaic diversity
Simple correlation analysis indicated that the diversity of habitat types was more influential for assemblages using tidal flats than for individual species, although the relationships were not statistically significant in the final path models. The observation that more diverse landscapes support more diverse animal assemblages has been widespread in ecology (MacArthur 1965 , Pearson 1993 , McGarigal & McComb 1995 , Jonsen & Fahrig 1997 ). As such, areas with a large number of habitat types are highly desirable as candidates for the selection of protected areas, because they are likely to contain a wide range of species. The use of patch richness as a surrogate for biodiversity has been considered as a potentially useful tool in the selection process of candidate areas for protection (Ward et al. 1999) . Care must be taken in comparisons, however, as the interpretation of habitat diversity from mapped data may vary significantly between maps depending on habitat classification and mapping accuracy (Loehle & Wein 1994 , Mumby 2001 . High density also may have been maintained through an increase in diversity of different benthic structural classes, representing a potential increase in supplementary resources throughout the home range (Dunning et al. 1992 ) and a concomitant increase in connectivity where suitable habitat types are adjacent to one another (Jonsen & Fahrig 1997) .
At the species level, patch richness was only important for Pelates sexlineatus, which although a seagrass resident, has been found to have a more flexible dietary spectrum than many other seagrass specialists (Blaber & Blaber 1980 , Warburton & Blaber 1992 , thus allowing the species to benefit from utilising a wide range of seagrass patch types. For instance, dietary studies of P. sexlineatus associated with the seagrass Zostera capricorni along the coast of New South Wales, Australia, revealed a diet of 27 different prey items (Sanchez-Jerez et al. 2002) .
Influence of adjacent habitat types
The presence of large patches of long-leaved seagrass habitats in the intertidal flats adjacent to the mangroves appeared to have importance for the gobies, as well as for juvenile Acanthropagrus australis, which used mangroves at high tide. These species utilise multiple habitat types and are typically found using both seagrasses and mangroves. High densities of Arenigobius frenatus were found within mangroves and over adjacent intertidal seagrasses, indicating that A. frenatus is likely to benefit from the close proximity of complementary resources. The linkage between A. australis and seagrasses is more unusual, in that it is a large-bodied tri-phasic species known to have a critical dependence on seagrasses only for the first few weeks after settlement. However, this study also indicates that juveniles and sub-adults have a preference for landscape mosaics with mangroves and adjacent seagrasses in close proximity.
From a landscape perspective, optimal configurations of habitat types may be identified for particular species and assemblages, which function to offer a chain of essential resources supporting species through tidal movements and ontogenetic shifts (Marguillier et al. 1997 , Acosta 1999 , Nagelkerken et al. 2000 , Cocheret de la Morinière et al. 2003 , Gillanders et al. 2003 , Mumby et al. 2004 ). For example, McIvor & Odum (1988) observed the largest fish populations in areas of a saltmarsh that were opposite streams in which pools offered refuge at low tide. This meant that fish using these areas could feed at high tide in the marsh and retreat to tidal streams at low tide. Micheli & Peterson (1999) reported that the presence of seagrass habitats connecting reefs to saltmarshes facilitated foraging movements of blue crabs Callinectes sapidus, and Irlandi & Crawford (1997) found that for an estuarine fish Lagodon rhomboides growth rates and abundance were significantly greater in areas with vegetated intertidal and adjacent vegetated subtidal areas in close proximity than in areas with adjacent unvegetated subtidal. When the close spatial proximity of resources (e.g. settlement substratum, food and refuge) results in higher densities, the ecological process known as landscape complementation can be said to be occurring (sensu Dunning et al. 1992 , Schlosser 1995 . In Moreton Bay, landscapes that were continuously vegetated from subtidal to upper intertidal zones supported higher densities and numbers of species than landscapes with patchy vegetation. Based on the assumption that high density and diversity of juveniles equals high-quality nursery habitat, we propose that continuously vegetated landscapes have the most important value per unit area for both nursery function and maintenance of biodiversity. In Moreton Bay, these areas should receive special attention in resource management strategies. In addition, future research is needed that focuses on determining the functional connections between adjacent habitat types.
Influence of within-patch structure
Differences in fine-scale plant structure also were important, and are consistent with previous findings by Bell & Westoby (1986a, b) and Attrill et al. (2000) . In Zostera capricorni beds, Bell & Westoby (1986a) found highest numbers of species and abundance of fish and crustaceans amongst long and dense seagrasses, and they reported a decrease after experimentally reducing seagrass leaf height. Species preference for seagrasses with the longest leaves (and largest surface area) probably relates to quality of both refuge and food (Orth 1992 , Attrill et al. 2000 , Hindell et al. 2000 . Heck & Orth (1980) suggested that plants with greater surface area should provide more protection and offer refuge for a wider range of species, including both epibenthic and demersal species, whereas comparatively shorter plants may only provide refuge for epibenthic species. The importance of leaf height on potential prey abundance was demonstrated by Connolly & Butler (1996) , who experimentally manipulated seagrass height and demonstrated a reduction of epifauna, which form the major dietary component of small seagrass resident fish species.
In Deception Bay, mangrove plant structure (shoot and pneumatophore height and density) explained little of the variation at the assemblage or species level, except for the density of juvenile Acanthropagrus australis, which was highest within mangroves with the greatest shoot and pneumatophore height. In isolation, this result indicates a preference for increased refuge from larger piscivorous fish, since for many large-bodied fish, high levels of mangrove complexity hinder fish movements (Rönnbäck et al. 1999 ). Field and laboratory experiments by Laegdsgaard & Johnson (2001) demonstrated that small juveniles of several species of fish, including Sillago spp., preferentially selected artificial pneumatophores to minimise the risk of predation and to maximise foraging efficiency. However, underwater observations suggested that areas of mangrove with greater vertical structure also experienced lower light penetration due to the close proximity of dense tree canopy. It is possible, therefore, that this apparent preference represented a response to an unmeasured, co-varying factor such as light intensity, which may also contribute to the spatial heterogeneity of habitat quality by influencing both refuge function and foraging efficiency (Laegdsgaard & Johnson 2001 , Cocheret de la Morinière et al. 2004 .
The proportion of mud in surficial sediments was the single most influential within-patch variable and represented a key explanatory variable for both density and number of species using mangroves. The goby Mugilogobius stigmaticus showed a strong preference for the muddiest sediments within mangroves, and similar preferences have been investigated for gobies within the Swan Estuary, south-western Australia, where Gill & Potter (1993) found Arenigobius frenatus selecting the softest sediments to facilitate burrowing. Path models suggest that some seagrass-associated species differentiate between sediment based on the proportions of mud and sand. For example, Centropogen australis and Pelates sexlineatus both showed a preference for patches of long-leaved seagrasses. C. australis, however, was most abundant over the muddiest sediments, and this spatial preference reflects its epibenthic mode of living and high dependency on seagrass-associated invertebrates (particularly penaeid prawns) (Bell et al. 1978) and cryptic skin colouration for camouflage over surficial sediments with varying proportions of mud. The importance of soft sediments for predator evasion has been demonstrated by Gibson & Robb (2000) , who showed that juvenile plaice Pleuronetes platessa consistently selected the finest sediments that facilitated rapid burial. Sediment composition was also important for penaeid prawns. For instance, although amount of seagrass habitat in the landscape explained most of the variation in prawn density, Metapenaeus bennettae was influenced more by short-leaved seagrasses and sandy sediments, whilst Penaeus plebejus was influenced more by long-leaved seagrasses with muddier sediments. Laboratory experiments (Masel & Smallwood 2000) on juvenile M. bennettae support the refuge function offered by seagrasses, although distributions of free-ranging prawns suggest that this species does not have an obligate relationship with seagrasses (Halliday 1995) . Sediment preferences have often been observed for penaeids, and several reasons are thought to account for this, including:
(1) availability of food, (2) problems associated with respiring when buried, (3) ease of burrowing, and (4) recognition of substratum that is likely to exhibit high densities of conspecifics (Dall et al. 1990 ).
Importance of life history
Path analysis for small-bodied resident species explained substantially more variation (45 to 70%) than for larger bodied and broader ranging generalists (< 20%). The differences in explanatory power of path models are best understood from the examination of species differences in biological characteristics including life history, which determine the types of resources that can be used effectively (Hansen & Urban 1992 ) and the characteristic scales at which a species or life stage will respond to variability in its environment. For instance, broad-ranging transient species have lifecycle trajectories that extend beyond the spatial and temporal scales of this study and, as such, are less likely to respond to the heterogeneity measured here. The density of Sillago spp. was poorly explained by substratum structure at any of the spatial scales in this study. These fish are widely distributed generalists with fast-swimming demersal juveniles and adults that readily move across a wide range of substratum types. Furthermore, seasonal patterns in the use of inshore areas, as well as spatial patchiness in distribution as a result of schooling behaviour, increase variance, leading to an overall lowering of the explanatory power. In contrast, resident strategists such as gobies may be present all year round in inshore waters, with less distinct temporal fluctuations. Gobies are epibenthic and considerably less mobile, with smaller home ranges and are more likely to have specialist preferences and thus respond to local environmental variability. The numerically dominant species using vegetated tidal flats were anatomically, physiologically and behaviourally adapted for utilisation of seagrass beds, and have been considered as seagrass-associated or seagrass-resident species. For these species, within-patch variables of plant and surficial sediment structure made a much greater contribution to the explanation of variation in density than for the most abundant of the species that used mangroves at high tide.
Life-history strategies and traits may represent a mechanism underlying broader patterns in the way that inshore marine landscapes are utilised, and may be useful in guiding management strategies and predicting sensitivity to change (Hansen & Urban 1992) . Species with similar biological characteristics (i.e. lifehistory strategies and tactics) will respond more similarly to variability in the environment and at similar scales than would species with very different characteristics. For other animal groups, such as birds, linkages also have been identified between life-history traits and response to specific landscape features (Hansen & Urban 1992 .
Limitations of the study
A key limitation of this study, with regard to the selection of an organism-scaled spatial extent, was the absence of any quantitative data on individual movement patterns in time and space. In fact, as the research progressed sampling in subtidal areas revealed that fish and prawns did not concentrate in shallow subtidal water as was originally assumed, with many animals moving during daily tidal excursions over greater distances than the landscape units examined in this study (100 and 300 m radii). However, broader spatial extents would have resulted in high spatial overlap in the buffer areas, and the inclusion of large proportions of adjacent land, particularly for samples collected in the upper intertidal areas. Nevertheless, future studies could usefully include a broader range of spatial extents, which may lead to the identification of an optimal spatial scale. The importance of mapping movement patterns for the purpose of scale selection has been discussed by Pittman & McAlpine (2003) . In addition, it is important to understand that the results shown here refer predominantly to juveniles and that adults may exhibit different space use patterns and thus respond to an entirely different suite of environmental variables than those presented here.
CONCLUSIONS
We conclude that a hierarchical landscape approach is appropriate for the study of marine animals, and advocate a wider use of such an approach in marine ecology. This requires that benthic structure at multiple spatial scales, including landscape composition and configuration, should be considered in any attempt to explain variation in marine faunal species density and assemblage composition. A shift in focus for marine ecologists and resource managers that encompasses landscape structure is necessary in attempts to comparatively evaluate the importance of inshore areas for biodiversity and fisheries and, more broadly, for the development of marine protection legislation and resource management strategies, public education and research. For instance, it is realistic to expect that a large proportion of the difference in fish density between an impacted site and a control site could be explained by differences in the surrounding landscape structure. For heavily exploited species, appropriately scaled information may be crucial if populations are to be maintained or enhanced. Furthermore, the size, shape and geographic prioritisation of management strategies such as reserves or marine parks must be driven, not just by the identification of essential habitat for processes such as nursery function and spawning, but also by including information on the spatial arrangement of these areas in relation to one another and on the likely influence of differing landscape mosaic structures on utilisation patterns. For example, an appropriate future research question might be: How does the amount and spatial arrangement of neighbouring seagrasses and mangroves influence coral reef fish populations? Studies that focus on structural and functional connectivity between component habitat types will provide important ecological information that will contribute to the development of a hierarchical landscape approach to marine resource management.
